In this study, the effect of light emitting diodes (LEDs) on microalgae cultivation in municipal wastewater was examined in comparison to the fluorescent light. Two kinds of wastewater were evaluated: first one with low concentration of total phosphorous (TP) and second one with high TP concentration. The nutrient removal and biomass production using LEDs is efficient at photo-synthetically active radiation (PAR) intensity of 107-112 μmol m -2 s -1 which is slightly higher than fluorescent light. Furthermore, this study demonstrates the applicability and distribution of light in wastewater where the environment is not defined. More importantly, winter and rainy periods contribute to dark condition and dilution of wastewater, intense LED light offers a feasible option for the functioning of closed micro algae based activated sludge (MAAS) process for recovery and reuse of nutrients.
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Abstract
In this study, the effect of light emitting diodes (LEDs) on microalgae cultivation in municipal wastewater was examined in comparison to the fluorescent light. Two kinds of wastewater were evaluated: first one with low concentration of total phosphorous (TP) and second one with high TP concentration.
The nutrient removal and biomass production using LEDs is efficient at photo-synthetically active radiation (PAR) intensity of 107-112 μmol m -2 s -1 which is slightly higher than fluorescent light. Furthermore, this study demonstrates the applicability and distribution of light in wastewater where the environment is not defined. More importantly, winter and rainy periods contribute to dark condition and dilution of wastewater, intense LED light offers a feasible option for the functioning of closed micro algae based activated sludge (MAAS) process for recovery and reuse of nutrients.
Introduction
Microalgae biotechnology for resource recovery is well established since several decades. Its application in wastewater treatment in the full-scale application, as of known until today is limited to polishing steps for removing remaining nutrients in wastewater [1] . Another emerging algae technology, microalgae based activated sludge (MAAS) process is a promising option for the recovery of nitrogen, phosphorous and other elements from wastewater. Energy consumption for supplying aeration alone in biological step (activated sludge process) of wastewater treatment, accounts for up to 75% of the operating plant cost [2, 3] . Bio-nutrient recovery through assimilation of algal biomass reduces energy consumed for aeration in the activated sludge process by the oxygen that is released as by-product during photosynthesis. At the same time, cost associated with precipitation chemicals is reduced. Therefore microalgae communities are attractive natural resources for the wastewater treatment. In addition, the algal biomass from the MAAS process is suitable for biogas production via anaerobic digestion [4] .
The Swedish lake Mälaren is rich in nutrients that supports the growth of microalgae community adapted to the local conditions [5, 6] . It is mainly characterized by two genus, Scendesmus and Chlorella but many similar green algae species can be found [5] . Cultivation of the microalgae strictly requires light, CO 2 , N and P for the growth of the microalgae [7] [8] [9] . Wastewater is a complex environment with high concentrations of C, N and P. The availability of CO 2 is not limiting for photosynthesis due to bacterial oxidation of organic carbon in wastewater. Solar light is an economical option to support photosynthesis but the availability is limited with open conditions. On the other hand, artificial light offers continuous light supply for the cultivation of microalgae in closed environments as well as in northern Europe where Light is limited and intermittent especially in the winter [8, 9] . Light emitting diodes (LEDs) are considered as good option compared to fluorescent light (FL) due to high energy efficiency and low energy consumption. In addition to this, particular wavelength or whole spectrum of light can be supplied to activate specific nutrient uptake metabolism of microalgae [9] . Also, it provides an opportunity to design a feasible photo-bioreactor by replacing the continuous illumination of FL with energy efficient LEDs [7] . According to previous studies, a combination of blue and red LEDs wavelength is important for the activation of carbonic anhydrase (E.C.4.2.1.1 (Enzyme classification number)) which increases the uptake of hydrogen carbonate (HCO 3 -). In addition to this, at the wavelength of blue light, nitrate (EC 1.6.6.2) and nitrite reductases (EC 1.7.7.1) are important in triggering the uptake of nitrate, nitrite or phosphorous uptake in the system where the light intensity and distribution also plays a major role in biomass development. [7, [10] [11] [12] .
The aim of the study was to investigate the nutrient removal and biomass productivity through microalgae cultivation by supplying PWM (Pulse width modulation) -LEDs in comparison to FL. The whole set up contains an array of mixture of LEDs (white, red, orange and blue lights), which are capable to synthesise intense light. Microalgae cultivation in municipal wastewater with low and high phosphorous content was evaluated. Moreover, this study describes the growth dynamics of microalgae based on the light distribution exposed to municipal wastewater without any acclimatisation of microalgal community.
Materials and Methods
Lake water and wastewater sampling
Lake water (LW) was collected from the Lake Mälaren in Västerås within the vicinity of Kungsängen wastewater treatment plant (KWWT) and used as an inoculum for indigenous micro-algae cultivation [12, 5] .The wastewater was collected from KWWTP at two different points. Wastewater 1 (W1) was sampled after iron sulphate based flocculation and pre-sedimentation step, which contributed to 51.5, 115.3 ± 2.3, 0.97±0.11 and 30.20±1.2 mg L -1 of total inorganic carbon (TIC), total organic carbon (TOC), total phosphorous (TP) and total nitrogen (TN) after dilution with 30% of LW. Likewise, wastewater 2 (W2) was sampled from the incoming municipal wastewater pipeline without any treatment. After dilution, W2 contributed to a TIC, TOC, TP and TN of 62.7 ± 2.1, 176 ± 0.5, 3.28±0.17 and 35.17±3.45 mg L -1 (See also Table 2 for TN and TP, after cultivation).
Light sources
According to the manufacturer, a PWM system was based on a control unit that contains time chip and metal-oxide semiconductor field-effect transistor. It was constructed to produce a flashing light. An array of LED mixture used in the construction consists of white (380-670 nm), red (632 nm), orange (612 nm) and blue (470 and 430 nm) lights. Pulsing was performed to produce a flash per LED of all wavelengths pointing on a single point to flash 1μs and then spreads over the total area of the array with a pause of 1μs. One round of flash mechanism takes 26 periods with a total frequency of 500 kHz and then it continues like a cycle. Each round of LED mixture flash takes 52 μs with a pause. It was divided into two types, PWM-LED 1 with high and PWM-LED 2 with low intensity i.e. intensity of white light was reduced in panel 2. A standard FL was used as reference. Light intensities were determined inside the flasks using water proof photo-synthetically active radiation (PAR) sensor (Apogee Inst. Quantum, USA). In order to reveal the penetration properties of the light sources, PAR intensities were determined at different position of the flasks (Table 1 ).
Experimental setup
70% of WW and 30% of LW were mixed in conical flasks of 500 ml working volume without additional nutrients. WW and LW were mixed separately and then distributed uniformly in all flasks. Optimal growth condition was supplied by placing the flasks in a climate chamber (22±1ºC) at a distance of 15 cm from the light sources. This also prevents the growth inhibition due to photo-oxidation [9, 14, 15] . In addition, manual mixing was provided prior to sampling for chlorophyll a analysis. Cultivation of microalgae was monitored for 14 days of incubation based on pH and chlorophyll a. All experiments were performed in triplicates. 
Analysis
Activity of indigenous microalgae
Chlorophyll a (chl. a) content and pH (Metrohm 780, USA) were monitored every second day. Sample volume of 10 ml was filtered using 1.2 μm glass microfiber filter (Whatman®, GF/C). Separated algal biomass in the filters were folded and stored at -20˚C. Chl. a pigment was extracted from the filters using 90 % acetone using the method defined by Bellinger and Sigee [15, 16] and analyzed using Ultraspec 3000 UV-Visible spectroscopy (Pharmacia biotech, Uppsala).
Biomass and nutrient removal
A sample volume of 50 ml was filtered using 0.45 μm membrane filters (Millipore, USA) for the initial and final samples. Filters were dried at 70ºC for 24 hours and then cooled down in a desiccator. Difference in weight before and after drying was used to estimate the dry weight. Filtrate was used for determination of TN and TP within 48 hours after cultivation period. Filtered and unfiltered samples were preserved at -20ºC. Initial samples were analyzed in triplicates, whereas most of the dry weight represents the slowly degradable and particulate contents in the wastewater. Initial dry weights of W1 and W2 were 138±25.46 and 212±38.6 mg L -1 (see Table 2 for final dry weights). Total chemical oxygen demand (T-COD) defines the substances that are chemically oxidisable in the wastewater and final T-COD represents algae biomass and remaining nutrients in the wastewater. Biomass was indirectly estimated by increase or decrease in T-COD. Total organic carbon (TOC) of the wastewater represents organic carbon bound to wastewater in the initial samples and additionally organic carbon incorporated into the algal biomass after cultivation. Total inorganic carbon (TIC) shows inorganic carbon present due to bacterial oxidation that is not or slowly consumed by the microalgae. TIC and TOCis represented as follows -All un-ionised carbon dioxide (CO 2 and H 2 CO 3 ).
Nutrient removal efficiency (NRE) of TN and TP was calculated as follows and are the nutrient concentration in the initial and final day of cultivation.
T-COD, TIC and NRE (TN and TP) were determined photometrically using Dr. Lange test kits (Hach Lange, Germany), according to the instructions of manufacturer. Samples were diluted if needed.
Results and discussions
Dynamics of pH and photosynthetic pigment, chl. a
The dynamics of chl. a and pH in two different wastewater samples (W1andW2) applying different light sources (FL, PWM-LED 1, PWM-LED 2) were shown in the Fig. 1 . For W1 (low TP, Fig. 1.A) , pH gradually increased from 7 for all samples. After 4 days of cultivation period, PWM-LED 2 showed a lag phase with time. Light composition in the LEDs seems to support the microalgal metabolic activity. Nevertheless, PWM-LED 2 in addition to the TP limitation, light was also limiting for the growth (See Fig. 1.A) . After 8 days, increase in pH can be reasoned with an explanation that nitrate is the common source of nitrogen when phosphate is present at low concentrations and its uptake leads to slow growth [17] . A similar trend was observed for the chl. a content. Unlike the LED samples chl. a content in FL decreases from 614 to 416 μg l -1 after 6 days of cultivation. In the case of W2 (high TP, Fig. 1.B) , pH and chl. a content started to increase after 2 days due to a high T-COD for all samples as show in the Fig. 1 . B. But the pattern varied with all light sources after 6 days. pH of PWM-LED 1 increase significantly from 8 to 10 and chl. a content from 500 -1000 μg l -1 . Similarly, PWM-LED 2 increases gradually during the whole experimental period, whereas the chl. a content increases significantly after 10 days due to the activation of metabolic enzymes or nitrate dependent growth. However the chl. a content decreases slightly after 10 days due to decline of growth in FL.
Nutrient removal and biomass
The Figure 2 .A shows nutrient removal efficiency of TN and TP for all treated conditions. In brief, FL (68±6%, TN and 74±8%, TP) and PWM-LED 1 (71±3%, TN and 70±6%, TP) in W1 exhibits increase in nutrient removal efficiencies whereas PWM-LED 2 (58±10%, TN and 46±1%, TP) decreases due to limitation of light intensity. For W2, increase of TN and TP removal efficiency was obtained compared to FL (52±2%, TN and 88±2%, TP) with both PWM-LED setups. But PWM-LED 2 needs more adaptation time as evidenced through pH and chl. a content (See also Fig. 1. B) . Thus these results were also confirmed with the final concentration of TN and TP as presented in table 2. Therefore the N: P ratio of wastewater and light distribution together supports the growth of microalgae even at low intensity of LED light. Kim et al. [9] have specifically reported that blue and red light wavelength influences the N and P fixation in Scendesmus sp. by defining an optimal ratio of 3:7 blue to red light without pulsing in synthetic medium. T-COD concentrations for all light sources before and after treatment are shown in Figure 2 .B. These results are supported by increase or decrease in final dry weights and TIC & TOC concentrations (refer Table 2 ). PWM-LED 1 in both wastewater evidenced a lowest TIC content (inorganic carbon uptake by microalgae, HCO 3 -i.e. at neutral pH and CO 3 2-uptake i.e. at basic pH) and highest dry weights. Moreover, increase in TIC in PWM-LED 2 suggests an inability of microalgae to fix inorganic carbon with increase in pH. However, the light intensity also plays a crucial role to stimulate algae growth (intensity of white light is reduced in PWM-LED 2 compared to PWM-LED 1). It could be shown that LEDs could be successfully used during the cultivation of microalgae in wastewater. The distribution/composition of wavelength was not optimal. Therefore, high energy consumption but potential of optimisation and reconstruction of algae based activated sludge process can be future perspective of this investigation.
Conclusions
To demonstrate the applicability of the microalgae for wastewater treatment, high intensity of LED wavelengths used in this study is capable to remove TN and TP from the municipal wastewater without any inhibition. MAAS system is efficient in removing TN and TP at a limited working volume without any acclimatization of microalgal communities. Compared to fluorescent light, shift in microalgae growth in LEDs is also evidenced. In FL, bacterial oxidation is higher (chlorophyll development) during the cultivation. Furthermore, to overcome the energy demands of WWTP and dissipation of energy from fluorescent light for algae growth, pulsed-LEDs could be considered for a pH controlled bioreactor system.
